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FEASIBILITY STDIN OF TfIE USE OF TBER.UALLY-mCED 
STRAIHIBG FOR GRAIN REF- IN RECRYSTALLIZED TUHGSTEH 
i OBJECTIVE 
i 
t 
t 
The objective of t h i s  program was to demonstrate the feas ib i l i ty  
of grain refinement i n  recrystallized tungsten through thermally 
induced straining. 
for processing tungsten w e l d s  i n  finished hardware to  obtain weld 
properties similar t o  those of the  base material. 
The ultimate aim w a s  t o  develop techniques 
The specific means of achieving these aims are best summarized 
by the following extract from the Contract Description of Work: 
"Specifically, the Contractor sha l l  design and fabricate 
or procure 30 sinple specimens of recrystallized tungsten 
which contain a high degree of res t ra in t  concentrated i n  
the zone w h i c h  w i l l  be locally heated. 
"The Contractor shal l  induce thermal s t ra in  i n  these speci- 
mens using a plasma torch t o  obtain high heat fluxes a t  a 
localized small surface area w i t h  time controlled operation. 
Thermal straining 8hall be accomplished between the duc t i le  
t o  bri t t le transit ion and t h e  recrystall ization temperature 
of the  recrystallized tungsten specimens, and the number of 
straining cycles, cycling rate? heat flux, and heat irqmt 
w i l l  be varied t o  determine the effect of these varidbles. 
"Post test evaluation of the specimens shal l  include micro- 
hardness measurements, metallographic s tud ie s  to determine 
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the effect on grain structure, bend ducti l i ty  tests to determine 
the ductile to brittle transition, and X-ray diffraction studies 
to determine the degree of strain haposed on la t t ice  par-ters. 
"Based on the results of the above work, the Contractor shall 
determine the applicability of the  thermal straining concept to 
achieving grain refinement and improved properties in tungsten 
welds ~ " 
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SlJMlmRY AblD CONCMSIO#S 
The planned program had to be terminated before completion becayse 
of inabi l i ty  of Arde's plasma gun to sperate continuously without 
breaking down a t  the high heat flux necessary to  achieve the test 
objectives. The accomplishments of the program consisted of: 
1. Performing the metallurgical studies t o  set up the required 
base line data. 
Accomplishing a nuxnber of heating runs t o  successfully work 
out the mechanics of fixturing, heating, and instrumentation, 
k??kb.g f.a'l;er calcalatisns tci rrlaie the ozfgiiiai caicaiated 
predictions of cycles t o  strain mre closely t o  actual heating 
2, 
r l  
3, 
conditions. 
W i n g  a number of runs t o  determine means of elimination of 
crack formation i n  apecimerm, 
4, 
Hone of the cycling runs souldbe  sustained to  the extent necessary 
to achieve grain re%iltilaesak. in the tungsten samples, 
was terminated before a conclusion could be reached as t o  the 
val idi ty  of the principle of gra in  refinement by tbemal straining. 
On the other hand, it should be realized that the limited testing 
accomplished could not be said t o  disprove the principle. 
is st i l l  of the opinion that, althcsugh assmptfsn limitations i n  
me testing 
-de, Pme, 
the analysis preclude an exact prediction of cycles t o  strain, the 
approach i s  fundamentally sound and the program was on +&e r igh t  
track, 
gun (a number of w h i c h  are .available in other companies) to continue 
khe program t o  a successful conclusion from its point of termhation, 
while making use of the limited aeeomplishents of the program as t o  
fixturing, instrumentation, metallurgy and mtbmatieal s tud ie s .  
It should be possible by the use of a. higher powered plasma 
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BACKGROUKD 
The development of large nuclear rocket engine components fabrica- 
ted from refractory metal sheet is hampered by limited sheet sizes 
plus the inabi l i ty  t o  sat isfactor i ly  join sheet m a t e r i a l .  The 
size  of tungsten sheets that can be produced is governed by exist- 
ing s ize  limitations in r a w  ingot stock and inadequate breakdown 
facilities for the reduction of preforms. Present maxirdum sheet 
w i d t h  capabilities are 24 inches by General bSleetric Company i n  
t h i s  country, and 36 inches by Metal-Werke Plansee in Austria. 
I 
Considerable effor t  has been expended t o  produce satisfactory w e l d -  
ments -- especially i n  tungsten. The fusion techniques investigated 
include electron beam, atomic hydrogen, heliarc, and conventional 
electric spot welding. Each of these, unfortunately, resul ts  in 
melted m e t a l  w i t h  concomitant coarse grain structure, low strength, 
and br i t t le  w e l d  zones, The greater the heat-affected zone pro- 
duced, the more brit t le and glass-like are the joints.  Crack-free 
w e l d s  have been achieved i n  joints  produced by the electron-beam 
process. Evaluation of electron-beam-webded tungsten coupons shows 
that maximum strength and duct i l i ty  are associated w i t h  mi,ninnUa 
fusion and heat-affected zones, i n  combination w i t h  m i n i m u m  grain 
s ize  and smooth continuous w e l d  beads. Even the best w e l d s  so 
produced only develop approximately one-half the strerrgth of the 
parent metal and have practically no duct i l i ty .  
O t h e r  joining methods i n  which limited success has been demonstrated 
a re  gas-diffusion bonding and brazing, 
employs i sos ta t ic  gas pressure on the order of 10,000 pounds per 
The diffusion-bonding process 
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lequare in&, a temperature of 2700°F, and a 3-hour diffusion cycle. 
Present equipmt is limited to 5-inch-dianeter specinw?ns 0- hence, 
hardly applicable for f u l l - s c a l e  components- The brazing m e t h o d  
u t i l i ze s  a j o in t  cement of nickel or palladium, w h i c h  is subsequently 
dispelled-through vaporization at low pressures. Joints produced in 
t h i s  manner have been limited t o  less than 5,000OF capability due t o  
reduced nmlting tentperatukes in  the joint  proper. 
I I 
I 
i 
It appears l ikely that sheet size limitations can be overcome by 
welding followed by hot mechanical working of the weldment to refink 
the fusion-zone grain structures. 
are conventionally hot-worked by roll ing,  forging, swaging, etc., to 
Cast and powder metallurgy billets 
develop desired properties. These techniques, of course, cannot be 
applied t o  weltbents produced in finished components-because of the 
in t r i ca t e  configurations’. The required enirgy for. grain r e f i n q n t  
can, however, be imparted t o  welds in complex, finished tungsten 
hardware, by thermal straining. 
The thermal straining concept c o n s i s t s  of working w e l d s  or cast 
materials t o  achieve grain refinement and improved properties by 
the use of thermal s t ra in .  
heating and cooling w i t h  the temperature range between its duct i le -  
bri t t le transit ion temperature and its recrystall ization tempera- 
t u r e .  This procedure ensures that the tungsten w i l l  be d u c t i l e  
and can tinerefore accommodate a relatively large number of thermal 
cycles. Calculations contained i n  Appendix A indicated that the 
thermal-straining concept appeared feasible. 
The tungsten would be strained by 
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SPECIIIEQ3 nEs1:GM 
Thermal calculations w e r e  made t o  determine the specimen geometry 
required'for achieving the m a x a  restraint in a l l  directions. 
For specimen simplicity the study was made on the basis of the 
desirabi l i ty  of elimination of mechanical res t ra in ts  imposed 
through external f ixtures .  To achieve maximum restraint  in a l l  
directions by considering material mass surrounding the locally 
heated area i n  conjunction w i t h  high heat fluxes, suf f ic ien t  
material was needed to  allow heat to diffuse i n  a spherical 
pattern. 
diameter t o  thickness r a t io  of two and heating it a t  the center 
of the f l a t  face. In order that heat should enter only a small 
This can be accomplished by using a cylinder w i t h  a 
portion of t h i s  surface, the flame diameter should be 1/4 of the 
specimen diameter. 
It was decided that th&e areas on the specimen face which w e r e  
not to be exposed t o  direct  flame impimgement would be thermally 
shielded t o  insure that heat entered only through a w e l l  defined 
portion of the specimen surface e 
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U n r e c r v s t a l l i z e 4  
- 
Tungsten stock i n  solid cylindrical, unrecrystallized form was 
procured t o  serve as  a basis for comparing recrystall ized 
thermally strained material a s  regards microstructural character- 
istics, hardness, etc. The g r a i n  structure of t h i s  mat&rial, 
typical of the powder metallurgy consolidation technique of press- 
ing and sintering followed by hot working is shown in Figure 1. 
A photomicrograph at lower magnification (Figure 2 ) shows the 
penetrations made by taking microhardness readings i n  this material. 
Indentationg w e r e  made w i t h  a Vickers indentor a t  a 5 kilogram load 
and measured a t  20 magnifications, The hardness readings converted 
t o  Rockwell C values indicate a uniform hardness of Rc 45 .045 .5 .  
Recrvstall ized 
Typical r ecqs t a l l i zed  tungsten microstructural characteristics, 
hardness, etc., prior t o  undergoing thermal straining are shown 
i n  Figures 2 and 4 a The grain structure of the material, typical 
of recrystall ized tungsten is  shown i n  Figure 3. A photo-micrograph 
a t  lower magnification (Figure 4 shows the penetrations made by 
taking micro-hardness readings, 
w: a L h d s  -.La hdentor at a 5% load and measured a t  20 magnifications. 
The hardness readings indicate uniform Rockwe11 C readings of 38 
t o  40. 
Indentations w e r e  made w i t h  a 
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During the course of pulsing portion of the program, the various 
thermally strained recrystallized samples were to  be subjected to 
photo-microgfaph and hardness evaluations 
recrystallized and non-recrystallized tungsten data w e r e  to be made 
to ascertain the degree of hot working imposed on the recrystallized 
structure by the controlled operation of the plasma torch. 
Comparisons w i t h  basic 
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Calculations indicated that  in  order t o  thermally work tungsten 
w i t h b u t  IlPechanical restraints,  it would be necessary t o  achieve 
a steep tesmperature gradient. This would be obtained by a high 
heat flux w h i c h  would off-set the trend, due t o  tungsten high 
thermal diffusivity,  toward shallow temperature gradients. 
Data tikeg frcz previous t ~ r d i  eali3ratiOn tests indicated that 
operation w i t h  helium as  the plasma forming gas would resul t  in 
a flame energy of 18.4 BTU's per second. 
t o  obtain th i s  order of heat f lux  and an approximate flame 
temperature of 25,000°F are: 
Operating conditions 
H e l i u m  Gas Flow - 200 S.C.F.H.  
Amperage - 600 Amps 
Arc Voltage - 54 Volts 
Test No. 1 
A t r i a l  test  u t i l i z i n g  a tungs ten  sample was prepared. 
w a s  t o  make practice runs on available tungsten prior t o  receipt 
The intent 
i 
of the material on order, 
following was t o  be established: 
By conducting such t r i a l  tests, the 
I 
I 
1. Torch t o  saxtple distance, 
2 ,  Method and placement of temperature instrumentation. 
3 . 
4.  Correlate flame energy w i t h  energy transmitted t o  
Cycle time duration and accurate measurement thereof. 
sample piece. 
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Plasma torch operation a t  a power input of 32.4 kilowatts was 
conducted t o  establish the closest practical  torch t o  specialen 
stand-off distance. A short stand-ff distance without damage to 
the torch face was thought t o  be desirable because inspiration of 
ambient air t o  d i lu te  flame temperature was thereby minimized. 
Trial runs w e r e  conducted a t  distances down t o  1/2 inch without 
deleterious effects t o  the plasma torch components. 
off distance also appeared t o  allow sufficient space for a heat 
shield on the front face of the spccben, 
This stand- 
As i l lust rated in Figures 5 9  6, and 7, a half section speci- 
men was used to conduct the t r i a l  test ,  Chroxnel-alumel t h e m -  
couples w e r e  used t o  measure and record both front-face and back 
side temperatures during the run. A heat shield made from pyro- 
lytic graphite was used t o  confine the area of direct flame 
impingement. 
The preliminary test run, in which the half section (Figure 8 
was used, pointed sut the  followi.ng: 
1, The f low of hot gas through the gap between the 
sample and the pyrolytic graphite base caused an 
axriblent temperature of about 500°F through convec- 
t ive heating e 
2. The epoxy resin .;sed to bond the heat shield to 
the base failed i n  a matter of seconds causing loss 
of the shield and f u l l  front face heating beyond the 
target areaL. Heat penetrated to the  r e s in  by radial  
conduction along the high conductivity plane of the 
pyrclytiz graphite e 
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T e s t  Ho. 2 
Based on T e s t  No. 1, a new heat shield arrangement w a s  designed 
(Figure 9 
afford f u l l  protection for f u l l  sized spec-ns, The design 
attempted t o  minimize heat conduction from specimen to  the holder 
by maintaining only a four point contact area. 
1 .  This holding box w a s  made of HL!4 85 graphite t o  
The new heat shield arrangement (Figure 9 was fabricated and 
tested. 
stand-off distance of 1/2" based on i n i t i a l  t r ia l  tests. 
10 , 11, and 1 2  present various photographs of the sample and heat 
shield prior t o  fir ing.  Figures 13 and 14 show the sample and heat 
shield after f i r ing.  
H e l i u m  plasma torch operation was a t  29.8 KW with a 
Figures 
The test indicated that the redesigned heat shield seemed t o  be 
adequate for the ensuing thermal pulse tests. For t h i s  test, a 
press fit between the specimen and the box was used t o  serve the 
function of a spring load. Examination of the heat shield and 
sample (Figure 14) a f te r  f i r ing  indicated only a minimal m u a t  of 
gas flow b e t w e e n  the box and the spechen adjacent t o  the target 
area. However, the graphite box cracked (see Figures 13  and 14 
due t o  the thermal expansion of the tuagsten, t h u s  requiring a new 
heat shield for the future tes t s .  The graphite erosion was minimal 
and the box appeared t o  be capable of use for repeated fir ings.  
T e s t  No. 3 
Tkis test  was planned to use a loose f i t  and a spring load t o  
eliminate the previous expansion problem, Instead of the previous 
Page 11 
rotational feed, a side feed arrangement was used. This promised 
the advantage that before the specimen was fed into the flame, it 
would be located in a. region thermally unaffected by the flame. 
This was verified during the test, when, w i t h  the gun a t  f u l l  F e r ,  
both thermocouples remained a t  anbient mnditions. 
Figure 15 
cold and hot-sides during f i r ing and soak periods. 
the-rllrcmplt, T2, P i g c i e  15, appearea to -have los t  contact w i t h  the 
specimen a t  about 500°F, the approximate brit t le to  duct i le  t ransi t ion 
region of tungsten indicating that the  next test, both thtrmocouples 
should be spring loaded. The cold-side temperature took approxi- 
mately four minutes from the beginning of the f i r ing  cycle t o  cool 
t o  about 540°F. 
presents the thermocouple temperature hidtory of the 
The cold-side 
The hot-side thermocouple, T1, functioned w e l l  up unt i l  about 2250°F, 
after w h i c h  the readings are i n  doubt (Figure 15) 2!he therrmocouple 
w a s  l o s t  a t  2480°F, a duration of 15 seconds, A t  12  SeCOndS, the 
hot-side thermocouple read 2210°F, Based upon th i s  condition, it 
w a s  estimated from a thermal analysis of a spherical shell that 
the cold-side thermocouple should read about 1260°F, 
re8ding was 620°F. 
is reasonable since the thermal analysis neglected the cooling effects 
of the  specimen's cold-side corners 
The actual 
me extrapolated curve reading is  1000°F, w h i c h  
In surmnary, these tests substantiated the feas ib i l i ty  of the t e s t  
r i g  and a b i l i t y  of helium plasma i n  order to achieve a reasonable 
hot-side t o  cold-side temperature difference. 
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The t w o  tests utilized a loosely f i t ted tungsten sample in  a graphite 
holder (heat shield) . 
minimize cracking of the heat shield. 
prior t o  fir ing,  are shown in Figure  15.. 
The entire asrrtmbly was then sptw loaded to 
'1RK, views of the test set-up, 
The recrystall ized tungsten speciPaens w e r e  loosely f i t ted in the 
graphite 'box is0 aiiaw for radial  thermal growth of the tungsten. 
Exambation of the box and sample af te r  each test indicated only a 
&imal ZLmOunt of gas f l o w  between the box and sample adjacent t o  
the target area. 
cracked due t o  thermal shock as they were moved into the plasma flame. 
This crack apparently had no thermal effect on the test. 
test, the graphite erosion a t  the target area wa8 observed t o  be 
During both tests, both graphite holdhg boxes 
A f t e r  each 
minimal and the box w a s  capable of withstanding repeated firings. 
Tab les  11, 111 and IV present a santple test monitoring sheet and 
t w o  f i l l t d - o u t  sheets for Test 3 and 4 respectively. 
The t w o  tests w e r e  conducted. as follows: 
H e l i u m  plasma tofch @ 28.5 KW; stand-off distance of 1/2 inch; 
peak hot side f i r ing  tenperature of approximately 2000°F; d n h u n r  
back-side refire temperature of approximately 5OO0F; and 45 f i r ing  
p u l s e s .  T e s t  No. 3 uti l ized argon gas during the soak period t o  
minimize time between f i r i n g  pulses, whereas Test No. 4 u t i l i z e d  no 
coolant f l a w  during the soak period. Figure 1 7  presents postfir ing 
photographs of the two recrystal l ized samples. 
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The two samples fired cracked during the tests, however, the 
pulsing was continued since the depth and severity of the crack 
would not be determined unt i l  the samples were r u m 4  from the 
test r i g  and eY;snai.lled thoroughly.. Since the first recrystallized 
sample u t i l i zed  argon as a coolant during the male period, it -8 
felt that t h i s  might be the reason for the cracking. 
T e s t  No, 4 the recrystallized sample was allowed to cool dawn to 
500°P via free convection only. 
Thus, in 
However, the cracking was not 
surface after tach firing pulse was made for both configurations. 
Examination of T a b l e s  I11 and I V  
discernible on or about the fourth cycle for both samples. 
thought unlikely that this  was due t o  thermal fatigue, however, it 
was decided t o  review th i s  more th&oughly during the next period, 
indicates that cracking becapae 
It is 
The most probable cause of this cracking was assumed t o  be 'thermal 
shock imposed on the sample during the first heating pulse. It was 
decided t o  pursue t h i s  aspect of material fai lure  both analytically 
and experimentally. 
Figures 18 and 19 present microstructural characterist ics of 
recrystall ized tungsten t e s t s  No. 3 and No.  4 a f t e r  45 f i r i n g  
p u l s e s .  These microstructures are essentially the same as the 
"as received recrystallized samples" whose characterist ics are  
documented i n  Figures 3 and 4 . T a b l e  I presents Rockwell *C* 
hardness data obtained from indentation8 made w i t h  a 5 K g  Vickers 
indentor and measured a t  20 magnifications for the datum and fired 
configurations. In addition, data from a recent Westinghouse Lamp 
Division Report (WADD-TR-60-37) for ref b e d  and recrystall ized 
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tungsten is presented for conparison purposes. Table  I indicates 
a very slight decrease in hardness for the fired configurations. 
However, this is considered t o  be within the accuracy of measuring 
technique. 
from two microsections per sample (in line and perpendicular (radial) 
t o  the plasma gun centerline). 
The values d o w n t c d  are average values and were obtained 
As pointed out previously, since crack severity could not be ascer- 
ing cycles, operating between 2000°F and 500°F (Sample I, Figure 20 
and Sample 2,  Figure 21). The initial cycle was initiated w i t h  the 
tungsten sample a t  ambient temperature (Sample 1, Figure 22 and 
Sample 2, Figure 23 ) , w h i l e  the 8u.bsequcnt cycles w e r e  initiated 
a t  approximately 500°F (Sample 1, Figure 24 
and 26 . Tab le  v through Table  xr present the data ploted i n  
Figures 20 through 26.  
and Sanple 2, Figure 25 
A recrystall ized tungsten sample, No. 5 ,  was subjected t o  a series 
of runs t o  evaluate the cracking problem. The object of the first 
run was t o  see i f  thermal shock caused the crack w i t h  one f i r ing  
pulse. Examination under the  microscope (30x1 indicated no cracking. 
The sample was run again bu t  t h i s  time two f i r ing  pulses w e r e  used 
t o  see if t he  crack developed on the second pulse w i t h  the tungsten 
specimen s tar t ing a t  approximately 500°F. No cracking w a s  observed. 
The specimen was rerun for the third time using three f i r ing pulses. 
Subsequent examination of sample revealed no cracks. The sample was 
cycled w i t h  t en  pulses for the l a s t  t h e  t o  determine whether the 
Page 1.5 
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crack w a s  formed due t o  fatigue during the ear ly  part of the 45 
cycle run of Tests 3 or 4. Microscopic examination revealed no 
cracks, 
examined metallurgically, 
change i n  grain structure while three V i c k e r s  indentations (5 Kg 
load) indicate a Rockwell  "C" hardness of approxhmtely 37, 
The sample was cut  up after a total  of 16 pulses and 
The microstructures s-ed no apparent 
T e s t  No, 6 
Since it w a s  not possible to create a crack during T e s t  No. 5 ,  
T e s t  No, 6 was set up for a 45 cycle run as a check on crack 
repeatibil i ty,  However, a f te r  the sixth pulse the plasma gun 
developed a water leak i n  the cooling system and the, test had to  
be terminated, Nevertheless, an examination of sample was made 
and no cracking was discernable, The gun was  dismantled and the 
f au l t  was found t o  be a worn '"0" ring, 
the "0" ring as w e l l  as the electrodes which w e r e  also worn out, 
It was tentatively planned tha t  Test Ne, 7 would be run w i t h  the 
same basic purpose as T e s t  No, 6 ,  
It w a s  planned t o  replace 
However, based on some further 
calculations which are discussed following, it seemed indicated 
that the number of pulses might have t o  be increased appreciably to 
effect gra in  refinement, 
should be preheated to  about 500-800°F, the approximate brittle- 
duct i le  t ransi t ion temperature range, prior to pulsing i n  order t o  
minimize any thermal shock conditions brought about by plasma gun 
power over-shoot, 
In  addition, it w a s  decided tha t  the sample 
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I Recalculation of Reuu ired Cvcles to Strain 
After T e s t  No. 6 ,  estimates on the degree of t h e r m a l  strain per 
cycle for a recrystallized tungsten s p e c h n  were made. Ambient 
I (start ing) taaperature w a s  assumed t o  vary between 500°F and 1000°F 
I w h i l e  heating temperature was varied from 1500°F to  2 4 O O O F .  The 
analysis was performed ut i l iz ing the same simplified approach as 
described i n  Appendix A. The number of pulses required to  attain 
SI? tqt2i..=ItI?t 5m rta2Ctiek !nrcbgmFca1 WQrkingI was found to 
I 
iacrease w i t h  increasing ambient tenperature and decreasing heating 
tunperature. 
I 
I 
The sample was assumed t o  be completely restrained, Poisson's r a t i o  
was neglected and the stress-strain curves for successive pulses 
w e r e  assumed invariant. For the range of A t ' s  considered, the 
e l a s t i c  thermal stresses computed indicate yielding and plaatic 
deformation. 
can be found from etress-strain data of recrystallized tungsten. 
The data for recrystallized tungsten (1 hr. @ 2900°F) was obtained 
from DMIC Report 127. Figure 27 presents t h i s  data for tcmpera- 
t u re s  of 1500, 2000 and 24OOOE' respectively. The loc i  of thermal 
stresses induced i n  the tungsten for ambient temperature of 500 
and 1000°F are also shown i n  Figure 2-1 . The intersecticm of the 
secant moduli l i nes  w i t h  the respective stress-strain curves w e r e  
obtained from a simple t r i a l  and error procedure. Figure 37 shows 
tha t  percent s t ra in  increases w i t h  increasing heating temperature 
and decreasing ambient temperature. Since the sample is theoret- 
i ea l ly  restrained, B compressive s t ra in  is induced during heating. 
On cool-down the compressive s t ra in  is relieved and a residual t e n s i l e  
The degree of plast ic  deformation or plas t ic  s t ra in  
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s t ra in  resalts, 
assumed equal to the compressive stress, 
estimate of the total strain per cycle (heating plus cool-dcrwn) can 
be obtained, i.e, total strain, 
total strain per cycle and total  number of cycles based on an 
equivalent 5096hot rolling reduction of tungsten, 
noted here that the total  nuniber of pulses required for any coaabina- 
t ion of t e s t  conditions shwn 
because i n  rea l i ty  the  tungsten specimen undergoing straining is 
not fuiig rcsUa&-,&, 
If the tensi le  stress, (ft, ittaring cool-down is 
them a first order 
total = 2Z- . Figure 28 ribes 
It should be 
Figure 28 is a r n i n i m u ~ ~  value 
rrL- A l a e  a u = m a € S  -&---- s e t  Gp *hg S z ~ & S S i T S  heatbg 
and cool-dawn periods w i l l  be subject t o  hysteresis-like effects  
which will certainly affect  t o t a l  s t r a in  per cycle and accumulated 
total  strain,  In  addition, the stress-strain curves shown i n  
Figure 27 w i l l  sh i f t  upward during subsequent cycles s h e  the 
material has been worked, thus requiring greater stresses to  achieve 
a given s t ra in  per pulse. Figure 28 can only be ut i l ized  for first 
order estimates and the number of cycles to achieve a predeter- 
mined g ra in  refinement w i l l  be i n  excess of the values given i n  these 
figures, 
H e l i u m  plasma torch, 
predicted minimum (Figure 28). It is obvious tha t  later tests 
on tungsten samples must be successively pulsed anywhere between 
57 and 114 times (i*e* total =2€ and E t o t a l  =e ) i f  grain 
refinement is t o  be realized, 
The simples tested were subjected t o  45 cycles using the 
This is about 10 cycles lower than the 
Test No, 7 
As described under Teat No, 6 the  plasma gun developed a water 
leak during testing of the sample causing test  termination. Upon 
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diu88cably, the “0“ r-8 of w a t e r  jacket aad electrode8 w e r m  
found defective and hoperative a& were sub8equently replaced. 
12urgsten T e s t  Ho, 7 was then installed im the test fixture for 
its plarrrud 45 cycle e2ccursion. Hawever, t h i s  t8st.n. ala0 
b-ted a U 8 e  Of WcCS8iVe P h m  gUn OV-8-t. This 
power surge (Lee, higher heat flux and t e r a t u r e )  caused a thumal 
gradient which led to  cracking of the sample. 
gun and control ooasole after shutdawn did not reveal any discern- 
ihh c s u u  f ~ r  the overshmt= It -8 therefore decided te ia8tall 
aaother spec- and recheck t b  r&rked plaaa gun setup. 
Examhation of the 
fn order t o  amid  thermal shocking due t o  the p e r  overrrbrrot condition 
uperierced in T e s t  Eb. 7 ,  T e s t  No, 8 was preheated to 600%’ for 
1-1/2 minutes prior t o  bposbg the pulsing cycle. h u h g  thr 14th 
cycle, a th in  line was observed in the vicinity of hot side drilled 
hole. The t e a t  was subsqquently termhated in the 15th cycle when’ 
it was definitely established that the specimen had failed. Stib- 
sequent examination revealed the crack ini t ia ted in5tiat.d h a  t b  
high stress region of the hot side drilled hole and it wa8 decided 
to eliminate this hole from future pUl8hg schedule8 and u t i l i z e  
only the back or so called “cold” side thennocouple. 
I 
I 
T e s t  No. 9 
The ninth sample was prepared and preheated prior t o  pulsing. 
was initiated a t  800°F and terminated when backside temperature 
reached llOO°F. 
Firiag 
This temperature variation w a s  estimated using the 
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previous specimen firing temperature histories, aaorrcvUr, after the 
53rd cycie, the test was terminated becauu of gun facq-ult&ng and 
severe w a t e r  leaks, The sample was exadmad and &und td be sound, 
visually and metallurgic_ally, However, l i t t le  or PD change was 
observed, 
Te8ts No, 7 amd Ho. 8 had brought out -vera1 weakXWtsSe8 h a  the p-&#RBa 
gun operation and sample preparation techniques, Out of this mies 
of mishaps, a mew testing technique was ewi-ved ZGX 2 3 ~ .  3 ,  The c d d  
side thermocouple was retained, 
thenmcoupie p r d s e d  alleviation of the high 8tre88 region brought 
about by drilling, w h i l e  preheating t o  800°F prior to pulsing 
promised to assure that the sample would be w e l l  above its brittle- 
d u c t i l e  t ransi t ion temperature. 
tuaperature his tor ies ,  the backside temperature during firing re- 
The elimination of the b t  side 
Based OR the previous rrarqle 
quired t o  achieve a hot side AT of about  1500°F was estimated t o  
be about llOO°F. 
Test No, 9. 
This value was subsequently ut i l ized ia pulaiag 
Tho analysis made a f t e r  T e s t  !No. 6 indicated that approximately 
55-60 cycles would be required to ideally achieve grain refinesent 
for  the new tes t ing technique (800°F t o  2300°F), Eowever, based on 
the various assump?tions made in t h i s  analysis, the actual n w r  of 
pulses planned t o  be imposed on spechen No. 9 was doubled (i.e, 
120 cycles),  
As pointed previously, recrystallized tungsten Test NO. 9 was 
subjected to 53 straining cycles before the  test was terminated due 
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t o  the plasm gun developing a water leak as a resul t  af 88-e gun- 
face nmlting. The sample was pre-heated s l w l y  for about threo 
minutes till a back-side temperature of about 860°? was ra8ch.d by 
usiag the plasma gun at one-half power with the pla- f1.w iqpiag- 
ing on the corner of the graphite hold* box. 
8 l lwed  to cool t o  a uniform tenperature of  about 800°F befere 
thermal cycling w a 8  begun. Since the hot-side therwcoupla (T l )  
was eliminated, the cold-side theramcouple (T2) W 8 8  used t o  rroritor 
the test. A typicai themel c y d s  =%szt: vita +)?r S-~S at lbaut 
800°F and w i t h  th4 gun a t  f u l l  power. 
firing positioa. 
the plasma flame is extinguished and the sample 
800'F (the S t a r t  of the next cycle) . 
w a s  measured by a stop watch and is tabulated in Table Xlashamr in 
Figure 2 9 ) .  
progresses i 8  consistent w i t h  past tests. However, due t o  the molt- 
ing of the plasma p a O s  face, steady-8tate operation was mot achieved. 
The maximum and minimum cold-side temperatures w e r e  recorded, in  
Table  =I, and are shown in Figure 30 . Except for t w o  points, the 
operating temperature range w a s  f a i r ly  cornstant. Examination of the 
spaciman under the microscope showed that the sample wa8 souad (i.8. 
BO cracking). 
The urpl~. w.8 then 
The ample f8 tbs phced  in 
When the back-side temperature reaches about l l O O o P ,  
allowed to cool t o  
The firing pulse of each cycle 
The general t rend of shorter f i r ing  pulses as cycling 
The eample w a s  cu t  up in several plane8 and metallurgically examined. 
Graia s t ruc ture  appeared t o  be unchanged from that of  the drtuar re- 
cryrtal l ized tungsten sample, while average Rockwell "C" hardn.88 
were comparable t o  the non-pulsed recrystallized tungsten spechen. 
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APPEUDIX "A" 
Ceacrider a flat tungsten sheet t ha t  is heated locally. 
as.u.16 10- restraint and neglect Poimb~n~m ratio effects,  tha 
elastic -1 stress, dmay be approximated by: 
If we 
o'=foc AT 
For tung~tm take 
AT - tupsrature change = 2400°F-100 = 2300°F 
f = p8i (8t 240O0F) 
oC = 
6 Young's Hodulus = 22 x 10 
Coefficient of thermal e x p 3 m a i O R  = 3.3 x lo4 
~ S C  (22 x lo6) (3.3 x lo4) (2300°F) = 167,000 psi 
which indicates yielding and plas t ic  deformation. 
pla8tic #train, we employ Figure 31 , which give8 8tre8s-8traia curve8 
of tungaten as a function of temperature, reference 3 . 
To estimate the 
6 
A 8 8 u a h g  a recant modulus of 1.95 x 10 psi  a t  2400°F, thr thermal 
8trc88 beco-s, 
6 
) AT = 1.95 x 10 X 3.3 x lo4 x 23Q0°F = 14,800 PSi 
aad from Figure 31, the corresponding strain is .0075 in/in. !Chi8 
i S  a coatpreesivc strain induced by heating to 240O0F. As the  local- 
A- 1 
bed heated area cools, the induced compressive strain is relieved 
and a residual ttr~sile seain results. As.prmn ' g t b  residual tensile 
strain is essentially equal to the compressive strain, or -0075 win., 
n estimate the order of the total plastic strain due to heating and 
amliag as .015 Win. 
To obtain a textured grain with concoaitamt property improvaent 
by hot working of tungsten, reduction by bat rolling on the order 
of 50% is conventional. Thi8 inplies 33 thermal cy clem at l-l/S 
strain m r  cvcle to achieve straining Dy tbarmai czaitp~-&ile 
to that obtained by mechanical workirvg. 
Tu astimate the cycles to failure by thermal fatigue, we use the 
results of rtftrences.1, 2. 
C € p  = c  
UIcl take for tumgstea 
k = 1/2 
= .015 idin. 
E P  
c 6 ,  = true static tension fracturc'sttain z 0.75 in/in. 
which yields from ( 2 )  the. cycles to failure, 
Since 1w >> 33 cycles, we conclude that thermal fatigue is not l ikely.  f 
A-2 
T h e m 1  shock possibilities may be minimized or eliminated by 
operating b e t w e e n  the ductile - brittle tramsition te&erature and 
tb. recrystallieation temperature (about 400°F to 2 5 O O O P ) .  The 
tuagrtcn would them be ductile and the discussion of section 2 
'above would apply, 
A- 3 
Manson, S .  S, "Behavior of Materials Under Conditions 
of Thermal S t r e s s " ,  TN 2933, NACA 1953. 
Coff in ,  L. F.  Jr., "A Study of the E f f e c t s  of Cyclic 
Thermal Stresses on a Ducti le  Metal", Trans. ASME, 
V o l .  76 ,  1954, p. 923. 
DMIC Report 127, March 15, 1960, B a t t e l l e  Memorial 
Inst i tute .  
- -, mc. 
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HARDNESS co13pARIsoNs 
COHFIGURATION 
1, AS Swaged (Un-recrystallized, 
As Received) - Datum 
2-• Recrystallized (As Received) - Datum 
a) As Swaged 
b) Annealed @ 1832'F 
c )  Annealed Q 2190'F 
d) Annealed @ 2555'F 
3. Recrystallized Sample 14 1 (45 Pulses) 
4. Recrystallized Sample No. 2 (45 Pulses) 
5 .  Comparisons from Data in mDD-TR-60-37- 
cTe5-r gb 3) 
c r e r t  & *  + 
Part V - August  1964 
AVERAGE RoQwELt "C" 
BgADIIVGS 
I 
45.3 .* 
38.2 * "  
35.8 
37.3 * 
& 45.5 
-45.6 
-44.2 
-38.2 
e) Annealed @ 2730'F m30.2 
* Indentations - Vickers Indentor @ 5 Kg load & measured @ 
20 magnifications 
TABLE I 
i 
J 
I 
i .  
Remarks C o n s o l e  and R e c t i f i e r  
Open C i r c u i t  Voltage 
Gun Type *. 
; 4. 1; 5. Power Control Start 
Amps * !  6,  
7, 
8. 
9, 
10 
1. 
2. 
3. 
4, 
5, 
1, 
2. 
3,  
1. 
2. 
3,  
V o l t s  
K.W. 
E l e c t r o d e  Front 
E l e c t r o d e  Rear 
H o m e y  
Powd,er Type and Mesh 
C a r r i e r  G a s  
C a r r i e r  G a s '  Flovmeter 
C a r r i e r  Gas S-C.F.Ha 
H o p p e r  V e n t u r i  Setting 
1 
coo1 inu 'circuit 
Water Temp. In 
Water Temp. O u t  
Water Flow G.P .M. 
A u x i l i a r v  EUUiDXnenf; 
Gas B o t t l e  R e g u l a t o r  PresB. 
Spraying Environraent 
Chanber Pressure 
TABLE IS 
. .  
, PLASMA OPERATIOHAt~ SEEET 
. .  - ' I  . .  
. . I  
9, Electrode Front. ' 
. 10, Electrode Rear . , 
, HoDDey , 
I 1. Powder Type  .and Meah 7 
I 2, Carrier Gas 
' Carrier Gas* Flowmeter 
Carrier G a s  S.C.F.H. 
I 
. J  - 
LG6 F - -  
Hopper VentGi Sett ing 
. .  
* 
Coolincr 'Circuit  
Water Temp, In , sg" 
Water T&p. O u t  
Water Flow GeP.M. 3 
, 
f: ,p, 4, 
tV w I , 
* .  
I .  
3.  * Carrier Gas'Flowmeter 
1. Powd,er Type and Mesh 
2. Carrier Gas 
4. Carrier Gas S.C.F.& 
.s. Hopper Ventujci Sett ing 
1 
. . *  t 
I Coolinu ' Circuit 
. 
1 ,f-- 
t- Seck T1 N OF T2 6 )  OF t ,- Sec. TI.- OF T 2 w o F  
I 
0 - ’  70 55 
I 1 310 55 21 1300 1045 
I 
1045 2 570 60 22 1285 
3 755 142 23 12 70 1045 
4 1  942 19 7 24 12 58 1042 
1242 1038 
._ 
35  -- 9G;n I-” 1 nC;E & V U 4  t .# I 
6 
7 
8 
9 
10 
11 
11.5 
12 
13 
14 
15 
16 
17 
18 
19 
20 
1232 
1383 
1540 
1700 
1850 
2000 
2070 
1862 
1620 
1505 
1442 
1400 
1370 
1348 
1330 
*.I 
1315 
345 
42 5 
512 
610 
718 
825 
880 
930 
1020 
1065 
1047 
1045 
1045 
1045 
1045 
104s 
26 
27 
28 
29 
30 
40 
50 
60 
’ 70 
80 
90 
100 
110 
120 
130 
135.3 
1230 
12 18 
1205 
1195 
1182 
1084 
1000 
927 
862 
818 
7 59 
718 
679 
640 
609 
59 5 
1028 
1018 
1010 
1005 
1000 
928 
860 
810 
750 
705 
663 \ 
624 
59 3 
562 
520 
505 
‘\ 
\ 
I 
t d S e c .  
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
TABLE VI - TEiERMOCOUPLE TEMPERATURE HISTORY 
Tle.1 OF 
595 
880 
1145 
1355 
1520 
1665 
1795 
19 15 
2025 
1705 
1550 
1480 
1432 
1402 
1382 
1363 
1350 
1340 
1329 
3.3 19 
1309 
1300 
1290 
T2 -/OF 
505 
505 
518 
550 
600 
660 
725 
810 
900 
995 
1055 
1062 
1064 
1075 
1085 
1090 
109 5 
1095 
1095 
1095 
1095 
109 5 
1092 
wc1e 2 
t Sec. 
23 
* 24 
25 
26 
27 
28 
29 
30 
40 
50 
60 
70 
80 
90 
100 
110 
120 
130 
140 
150 
i53 
Tl / i r  OF 
1280 
12 70 
1259 
1249 
1239 
1230 
1220 
1212 
1122 
1045 
980 
920 
868 
824 
780 
747 
. 712 
682 
655 
629 
620 
T2 I - /  OF 
1092 
1089 
1082 
1080 
1070 
1064 
1058 
1050 
970 
904 
844 
800 
753 
710 
680 
650 
618 
59 2 
570 
528 
520 
+ 
. 
\ 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
Max, 
70 
2070 
2025 
2010 
1965 
2020 
2000 
2000 
199 5 
1980 
1995 
2000 
2000 
2000 
2000 
2005 
2005 
2030 
2000 
2000 
2020 
1990 
2000 
1995 
2020 
2000 
2000 
199 5 
2000 
2000 
2000 
2020 
2000 
2000 
2020 
2010 
2005 
2005 
199 5 
2000 
2010 
2010 
1995 
2010 
2010 
2000 
Min 
70 
59 5 
620 
580 
580 
59 5 
59 5 
620 . 
.600 
6 10 
620 
620 
620 
605 
600 
600 
610 
600 
600 
600 
605 
600 
600 
59 5 
605 
600 
600 
600 
600 
600 
600 
600 
600 
600 
600 
600 
600 
600 
59 0 
600 
600 
600 
600 
600 
600 
70 
m L  
15 5 
1065 
109 5 
1080 
1050 
1050 
1060 
1030 
1040 
1015 
1030 
1015 
1020 
995 
1000 
1000 . 
1015 
1030 
1005 
980 
1010 
990 
995 
1000 
1000 
970 
1000 
1000 
9 70 
980 
980 
995 
975 
1000 * 
985 
. 990 
970 
985 
975 
985 
965 
970 
900 
960 
965 
955 
Min . 
55 
505 
520 
49 0 
' 495 
'510 
505 
515 
500 
. 520 
520 
515 
510 
510 
500 
500 
510 
500 
500 
505 
510 
500 
500 
500 
505 
510 
500 
500 
500 
500 
505 
500 
500 
500 
500 
505 
505 
505 
500 
500 
510 
500 
500 
505 
510 
55 ' 
,.- I f' 
I 
I Cycle 1 I 
t- 1 Sec. t Sec, 
' 0  
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
10.8 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
2'9 
75 
310 
515 
7 m  
925 
1100 
1265 
1430 
1590 
1745 
1880 
1995 
1950 
1640 
1500 
1420 
1380 
1355 
1340 
1325 
1315 
1305 
1298 
1290 
1280 
1272 
1265 
1252 
1245 
90 
90 
108 
150 
. 215 
287 
365 
455 
550 
645 
745 
830 
850 
950 
1025 
1015 
1030 
1050 
1070 
1083 
1095 
1103 
1108 
1110 
1110 
1110 
1110 
1110 
1110 
28 1235 
29 1225 
30 1215 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
50 
60 
70 
80 
90 
100 
110 
120 
130 
140 
150 
160 
164 
1205 
1197 
1189 
1180 
1170 
1162 
1152 
1142 
1133 
1125 
1042 
973 
910 
855 
. 805 
763 
725 
69 2 
662 
637 
612 
600 
582 
1105 
1100 
1090 
,1083 
1078 - 
1068 
10 58 
1050 
1045 
1040 
1032 
1025 
1020 
950 
890 
830 
780 
737 
700 
657 
632 
608 
582 
552 
528 
520 
0 
1 
2 
3 
4 
z 
4 
6 
7 
7.2 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
8 
TAB= Ix - miERmcoupLE TENPERATURE HISTORY 
I 
T1 ee OF 
582 
825 
1075 
1275 
1465 
1 t x n  
1815 
1965 
199 5 
1750 
1575 
1475 
1425 
1392 
1372 
13 59 
1349 
1340 
1332 
1322 
1314 
1305 
1298 
1290 
1280 
1270 
1262 
LUUU 
T2 N OF 
520 
520 
530 
567 
617 
680 
765 
857 
. 875 
928 
971 
1028 
1069 
1100 
1120 
1132 
1142 
1150 
1152 
1155 
1155 
1155 
1155 
1155 
1152 
1150 
1143 
t --See. 
26 
27 
28 
29 
30 
40 
50 
60 
70 
80 
90 
100 
110 
120 
130 
140 
150 
160 
170 . 
180 
19 0 
200 
2 10 
220 
227.5 
F1.Q OF 
1252 
1244 
1235 
1228 . 
1217 
1 1 7 1  
L I I I  
1062 
1000 
948 
903 
862 
828 
797 
770 
745 
722 
702 
682 
665 
648 
632 
618 
603. 
592 
582 
T2 f i /  OF 
# 
1138 
1132 
1128 
.1120 
1113 
1 n4Q 
& W 1 "  
987 
930 
882 
838 
800 
770 
740 
718 
690 
670 
650 
630 
618 . 
600 
587 
570 '\ 
550 
538 
532 
\ .  
\ 
\ 
k Y s m L  
0 .  
1 
2 
3 
4 
5 
_ * _  
27 
6 
6 . 6  
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
2 1  
22 
23 
24 
25 
26 
TABLE X - X3IERIWCOUPLE TEMPERATURE HISTORY! 
0 
4- .I 
582 
870 
1120 
1342 
1542 
1722 
1890 
1975 
1850 
1600 
1480 
1410 
1372 
1350 
1335 
1322 
1312 
1305 
1298 
1292 
1283 
1275 
1267 
2.259 
1250 
1244 
1237 
1230 
i222 
.. 
0 e4 
532 
532 
540 
575 
635 
700 
785 
845 
875 
920 
977 
1028 
1065 
1090 
1110 
1120 
1128 
1132 
1138 
1138 
1138 
1138 
1138 
1138 
1138 
1135 
1130 
1125 
lh20 
% 4 Sec.. 
28 
29 
30 
40 
- 50 
60 
70 
80 
90 
100 
110 
120 
130 
140 
150 
160 
170 
180 
190 
200 
2 10 
220 
230 
240 
244.3 
T1 v ~ o F  
1215 
1205 
1198 
1124 
1060 
1003 
955 
9 12 
875 
843 
813 
789 
762 
740 
720 
700 
68 5 
668 
652 
638 
625 
612 
600 
588 
582 
- _-  
mp.2 OF 
1115 
1110 
1102 
1038 
982 
930 
888 
845 
810 
780 
750 
730 
705 
685 
665 
648 
632 
620 
604 
59 2 
575 
560 
550 
538 
530 
- 
I 
f"" 
I 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 . 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
- 38 
39 
40 
41 
42 
43 
44 
45 
Max. 
75 
1995 
1995 
1975 
1970 
2000 
2000 
2000 
2000 
1995 
2000 
2000 
1 aan 
2015 
1990 
1995 
1985 
2000 
2000 
2000 
2000 
1990 
2010 
2000 
2905 
2000 
2010 
2010 
2035 
2000 
2005 
2020 
2035 
200-5 
2040 
1965' 
2015 
2000 
1995 
2000 
2030 
2030 
1990 
2000 
3985 
2010 
L I V V  
Min . 
75 
582 
582 
582 
580 
566 
560 
555 
550 
545 
550 
550 
540 
540 
540 
540 
540 
540 
540 
540 
540 
540 
540 
545 
545 
540 
535 
535 
540 
540 
545 
535 
%O 
545 
540 - _ -  
540 
545 
540 
535 
540 
540 
540, 
540 
540 
540 
90 
aL 
90 
1110 
1155 
1138 
1105 
1115 
1130 
1105 
1100 
1070 
1090 
1095 
lo80 
1110 
1085 
1070 
1065 
1070 
1075 
1080 
1090 
1050 
1080 
1060 
1070 
1095 
1060 
1080 
1090 
1090 
1080 
1075 
1075 
1075 
- 1075 
1020 
1065 
1065 
1050 
1070 
1080 
1075 
1065 - 
1090 
1030 
1055 
nin. 
90 
520 
532 
530 - 
530 
525, 
510 
510 
500 \ 
500 
500 
500 
500 
495 
500 
500 
49 5 
500 
500 
495 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
510 
500 
500 
500 
500 
500 
500 
50 0 
500 
505 
505 
90 
TABLE XI1 
cvcle 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
F i r i n q  Pulse 
Sec 
7.6 
8.4 
6.5 
8 .O 
6.1 
6.4 
- 
6 .O 
6.1 
6.6 
7.6 
12 6.5 
13 6.9 
14 7.6 
CYCLE FIRING PULSE 
T e s t  No. 9 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
Firins Pulse 
Sec . 
5.1 
6.5 
6.3 
6.8 
6.2 
' 7.0 
6.8 
4.8 
6.4 
32 5.3 
.33 5.4 
34 5.8 
15 7.0 35 6 .9 
ib 6.0 35 6.6  
17 6.6 37 6.3 
18 6.0 38 5.6 
19 - 39 6.1 
20 7 * 3  40 5.3 
cvclc 
41 . 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 - 
Pirim Pulse , 
Sec . 
5.9 
5.2 
5.5 
5.7 
5.4 
5 -4 
5.2 
- 
6.0 
5.4 
5.5 
52 5.4 
53 5.5 
TABLE XI11 
MWSI" AND MINIMUM TEMPZRA!MJRE PER CYCLE - 
Test No. 9 
Thermocouple T;k 
CYCLE MAX. MILV, 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
. 14 
15 
16 
17 
18 
19 
20 
860 
1410 
1460 
1425 
1480 
1470 
1450 
1440 
1420 
1440 
r 
* 1445 
1430 
1425 
1415 
1405 
1405 
1430 
1420 
1420 
1420 
' t  1420 
780 
800 
805 
790 
800 
805 
850 
805 
800 
800 
790 
800 
800 
790 
800 
790 
800 
800 
800 
805 
820 
CYCLE MAX. N, 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
12 50 
i398 
1415 
1410 
142 5 
140 5 
1750 
1400 
1450 
1405 
1415 
1410 
1390 
1400 
1410 
1430 
1405 
1400 
1385 
1390 
830 
810 
805 
815 
825 
800 
800 
805 
800 
790 
805 
780 
780 
800 
785 
780 
790 
780 
790 
CYCLE MAX. M x 1 ,  
41 
A 3  
7& 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
1410 
12nn *e-- 
1400 
1420 
1405 
1420 
1420 
1410 
1430 
1415 
1420 
1430 
1410 
790 
800 
780 
800 
800 
835 
805 . 
800 \ 
800 
860 
800 
805 
m. 
\, 
500X NURAKAMI'S ETCH 
i . i i2ROSTXCCTLii OF TUNGSTEN AS CONVENTIONAUY 
CONSOLIDATED BY PRESSING, SINTERING AND SWAGING 
FIGURE 1 
MICROSTRUCTURE OF UNRECRYSTALLIZED TUNGSTEN 
SHOWING VICKERS HARDNESS INDENTATIONS 
I FIGURE 2 
MURAKAMI’  s ETCH 500 X 
MURAKAMI'S ETCH 100 x 
VXCKXRS KARDNESS INDENTATIONS 
SHQWN IN RECRYSTALLIZED TUNGSTEN 
XICRO STRUCTURE 
FIGURE 4 
AT 
FIGURE 5 
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SAMPIX AND PLASM? TORCH IN F I R I N G  P O S I T I O N  
FIGURE 6 
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FIGURE 8 - PRELIMINARY TEST SET-UP 
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TEST SET-UP 
FIGURE 11 
FROK'T FACE OF SAdWLE SHOWIICG NET$ HEAT SZIELD 
AND EXPOSED SAMPLE TARGET AREA 
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FIGURE 12 
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EXPLODED V I E X  O F  SAMFLE AND HZAT SEIELD 
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FIGURE 17 
-'s ETCH 500 X 
500 X 
- 'S ETCH 100 x 
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